Elastolytic matrix metalloproteinases (MMPs) have been implicated in the pathogenesis of abdominal aortic aneurysms (AAA), a disorder characterized by chronic aortic wall inflammation and destruction of medial elastin. The purpose of this study was to determine if human macrophage elastase (HME; MMP-12) might participate in this disease. By reverse transcription-polymerase chain reaction, HME mRNA was consistently demonstrated in AAA and atherosclerotic occlusive disease (AOD) tissues (six of six), but in only one of six normal aortas. Immunoreactive proteins corresponding to proHME and two products of extracellular processing were present in seven of seven AAA tissue extracts. Total HME recovered from AAA tissue was sevenfold greater than normal aorta ( P Ͻ 0.001), and the extracted enzyme exhibited activity in vitro. Production of HME was demonstrated in the media of AAA tissues by in situ hybridization and immunohistochemistry, but HME was not detected within the media of normal or AOD specimens. Importantly, immunoreactive HME was specifically localized to residual elastin fragments within the media of AAA tissue, particularly areas adjacent to nondilated normal aorta. In vitro, the fraction of MMP-12 sequestered by insoluble elastin was two-to fivefold greater than other elastases found in AAA tissue. Therefore, HME is prominently expressed by aneurysm-infiltrating macrophages within the degenerating aortic media of AAA, where it is also bound to residual elastic fiber fragments. Because elastin represents a critical component of aortic wall structure and a matrix substrate for metalloelastases, HME may have a direct and singular role in the pathogenesis of aortic aneurysms. 
Introduction
Abdominal aortic aneurysms (AAA) 1 represent a potentially fatal disorder that affects 2-9% of the population Ͼ 65 yr of age (1) (2) (3) . Numerous clinical studies have established associations between AAA and aging, atherosclerosis, and male gender, as well as cigarette smoking, pulmonary emphysema, and high blood pressure (4) . Aneurysms also occur with a familial tendency that suggests a genetically inherited component to the disease (5) (6) (7) (8) , but specific gene defects underlying the common forms of AAA have yet to be identified (9, 10) . Whereas aneurysmal degeneration is thought to arise through mechanisms of vascular wall remodeling distinct from those observed in either aging, atherosclerosis, or hypertension alone, the etiology of AAA remains unresolved (11) (12) (13) .
Tissue remodeling in aneurysms is characterized by destruction of the structural and cellular components of the aortic wall in association with chronic transmural inflammation (11) (12) (13) . The most prominent of these features is progressive irreversible degeneration of the elastic media (14-16), a significant finding given the biologic stability of elastin in tissue (17, 18) . Biophysical alterations associated with the loss of aortic elastin are considered functionally responsible for aneurysmal dilatation and tortuosity (19) (20) (21) (22) . Processes associated with the destruction of aortic elastin include infiltration of the aortic media by mononuclear inflammatory cells (23, 24) , deposition of IgG recognizing elastic fiber components (25, 26) , medial neovascularization (27) , and a decrease in medial smooth muscle cell density (28) . These processes are associated with increased local production of cytokines, chemokines, and prostaglandins (29) (30) (31) , as well as fibrinolytic and matrix-degrading proteinases (32) (33) (34) .
Recent studies indicate that the connective tissue destruction in aortic aneurysms is likely mediated by matrix metalloproteinases (MMPs), a family of structurally related proteinases involved in developmental tissue remodeling, wound repair, chronic inflammatory diseases, and cancer (35, 36) . Four members of this family are known to be capable of degrading insoluble elastic fibers under physiologic conditions: the 92-and 72-kD gelatinases (MMP-9 and MMP-2, respectively) (37) , matrilysin (MMP-7) (38) , and the more recently described macrophage elastase (MMP-12) (39) . MMP-9 and MMP-2 are the most prominent elastolytic activities secreted by human AAA tissues in organ culture (32, 40) , and both of these enzymes are expressed in human AAA tissue (32, 41, 42) . Although tissue inhibitors of metalloproteinases (TIMPs) are also overproduced in human AAA tissue (32, 40, 41) , it re-mains unclear if elastin-degrading MMPs can be completely sequestered by TIMPs in vivo (43, 44) .
In contrast to 92-and 72-kD gelatinases, knowledge is limited regarding the role of either human macrophage elastase (HME) or matrilysin in vascular disease. MMP-12 is known to be prominently expressed in human carotid atherosclerotic lesions (45) , and by foam cells associated with aortic lesions in cholesterol-fed rabbits (46) . It is also present in apo E-deficient mice, which develop complex aortic lesions with microaneurysm formation (47) . Therefore, we predicted that HME might also play an important role in human AAA. The investigations reported here demonstrate for the first time that HME is produced in human AAA tissue and is expressed by aneurysm-infiltrating macrophages in vivo. Importantly, macrophage elastase is also prominently localized to residual elastin fiber fragments within aneurysm tissue by immunohistochemistry, a pattern distinct from other elastolytic MMPs. The elevated production of HME and its unique localization to fragmented aortic elastin suggest a particularly important role for this enzyme in aneurysmal degeneration.
Methods
Human aortic tissues. Fresh aortic wall specimens were obtained in the operating room from normal organ transplant donors without visible evidence of aortic atherosclerosis ( n ϭ 12), and from 27 patients undergoing aortic reconstruction for either atherosclerotic occlusive disease (AOD; n ϭ 12) or infrarenal AAA ( n ϭ 15). All tissue specimens were taken after a protocol approved by the Washington University School of Medicine Human Research Subjects Committee. In addition to AAA specimens from the mid-portion of the aneurysm, in several instances a longitudinal specimen of aortic wall was also obtained from the transition zone between the normal (nondilated) infrarenal aorta and the proximal aspect of the aneurysm. One portion of each aortic wall specimen was fixed overnight in 10% neutral buffered formalin and processed for routine embedding in paraffin. An adjacent portion was snap-frozen in liquid nitrogen, stored at Ϫ 80 Њ C, and subsequently used for protein and nucleic acid extraction.
Immunoblot analysis of HME. Frozen aortic tissue samples were pulverized under liquid nitrogen and extracted in ice-cold 50 mM Tris-HCl buffer, pH 7.5, containing 1.0 M NaCl, 2.0 M urea, 0.1% (wt/vol) Brij-35, 0.1% EDTA, and a mixture of serine, cysteine, and aspartic protease inhibitors (protease inhibitor cocktail No. P8340; Sigma Chemical Co., St. Louis, MO). After centrifugation at 10,000 g for 1 h at 4 Њ C, the supernatant was centrifugally concentrated using a 5,000 molecular weight cut-off membrane for 2 h at 4 Њ C. Samples were normalized to total protein content and resolved by SDS-PAGE under nonreducing conditions, using 12% polyacrylamide gels. Proteins were transferred to nitrocellulose, blocked with 5% powdered milk in TBS (20 mM Tris HCl, pH 7.5, 0.5 M NaCl), then incubated overnight at 4 Њ C with affinity-purified rabbit antibodies to the aminoterminal portion of HME (39) . Peroxidase-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) was used as the secondary antibody and immune complexes were visualized by ECL using kit reagents (Amersham Life Science, Inc., Arlington Heights, IL). The relative density of immunoreactive HME was determined with 1D Plus Densitometry software from Phoretix (Newcastle Upon Tyne, UK). The amount of HME recovered in extracts of normal aorta, AOD, and AAA was determined as the mean Ϯ SEM of relative densities for all samples of each tissue type and data were compared using ANOVA and the Newman-Student-Keul's multiple comparisons test (48) .
Specificity of anti-HME antibodies. Additional assays were performed to exclude cross-reactivity of the anti-HME antibodies to elastic fiber components. Human soluble aortic elastin, human soluble lung elastin, bovine soluble nuchal ligament elastin, alpha-elastin, ETNA (kappa)-elastin, and Leu-Gly-Thr-Ile-Pro-Gly were all purchased from Elastin Products Co. (Owensville, MO). Chondroitin sulfate and the elastin-specific peptide Val-Gly-Val-Ala-Pro-Gly were obtained from Sigma. Collagen type IV was purchased from GIBCO BRL (Gaithersburg, MD). Recombinant HME was expressed in Escherichia coli and the 22-kD active form was purified as described previously (39) . Each protein was blotted onto a nitrocellulose membrane at room temperature using a slot blotting apparatus from Bio-Rad (Richmond, CA). The membrane was washed, blocked with 3% gelatin, then incubated for 20 h at 4 Њ C with affinity-purified rabbit anti-HME antibody, monoclonal mouse anti-human elastin (Sigma), or monoclonal mouse anti-collagen type IV (Sigma). Immune complexes were detected and quantified as described above.
Substrate gel zymography. Aortic tissue proteins were extracted as described above for immunoblotting. No additional steps were taken to remove EDTA during sample preparation for substrate zymography, because preliminary experiments demonstrated that this was not necessary to effectively detect enzymatic activities. Samples were resolved through 10% polyacrylamide gels copolymerized with 1 mg/ml ␣ -casein (Sigma), as described (37) , then washed with 2.5% Triton X-100 and incubated for 48 h in substrate buffer (50 mM TrisHCl, pH 8.5, 5 mM CaCl 2 , and 0.02% NaN 3 ) at 37 Њ C. After staining with 0.1% Coomassie blue R-250, casein-degrading activities were observed as clear bands against a dark background of intact substrate.
Reverse transcription-PCR (RT-PCR).
Total RNA was isolated from aortic tissue samples by guanidium isothiocyanate-phenol-chloroform extraction as described by Chomczynski and Sacchi (49) . All samples were normalized to total RNA and each sample was analyzed in duplicate, along with controls for genomic DNA (absence of reverse transcriptase) and for nonspecific DNA contamination (absence of RNA template). First strand cDNA synthesis was performed in a 20-l reaction volume using 0.1 g of total RNA, 20 U RNase inhibitor, 2.5 M random hexamers, 1 mM dNTPs, and 50 U murine leukemia virus reverse transcriptase, as provided in the GeneAmp RNA PCR kit from Perkin-Elmer (Norwalk, CT). Samples were incubated at 42 Њ C for 15 min and the reaction was terminated by heating to 99 Њ C for 5 min. RT products served as the template for PCR amplification, using primers for HME exons 4-7 (synthesized by GIBCO BRL): 5 Ј -TCACGAGATTGGCCATTCCTT-3 Ј (forward primer, bp 663-683) and 5 Ј -TCTGGCTTCAATTTCATAAGC-3 Ј (reverse complement primer, bp 1015-1035). PCR amplifications were performed in a 100-l reaction with 10 mM Tris-HCl buffer containing 50 mM KCl, 2 mM MgCl 2 , 100 pmol (each) forward and reverse complement primers, and 2.5 U of AmpliTaq DNA polymerase. Reactions included 4 min at 95 Њ C for denaturation and 30 cycles of 1 min at 95 Њ C, 1 min at 55 Њ C, and 1 min at 72 Њ C; samples were then incubated for 7 min at 72 Њ C for final extension before holding at 4 Њ C. A 30-l aliquot of each sample was resolved by electrophoresis through 1.2% agarose in the presence of 5 ng/ml ethidium bromide, and DNA was visualized under ultraviolet light to detect the presence of PCR amplification products at the anticipated size (261 bp).
RT-PCR products were transferred from agarose to Hybond N ϩ nylon membranes (Amersham) by standard Southern transfer techniques. Hybridization was performed with a cDNA oligonucleotide probe specific for HME (5 Ј -CATACGTGGCATTCAGTCCCT-3 Ј , bp 774-794 in exon 5), using an ECL 3 Ј oligolabeling and detection system purchased from Amersham. Membranes were incubated at 42 Њ C for 90 min with 10 ng/ml labeled cDNA, washed under stringent conditions, and incubated with ECL detection reagents before exposure to radiographic film. For all samples of each aortic tissue type examined (normal, AOD, and AAA; n ϭ 6 each), consistent hybridization of the HME cDNA probe to the RT-PCR product was used to confirm the presence of HME mRNA. In situ hybridization. Probes for in situ hybridization were generated as described (50) . A cDNA fragment corresponding to HME bp 1-400, which extends through exons 1 and 2, was subcloned into a pGEM7( ϩ ) transcription vector from Promega (Madison, WI). Sense and antisense cRNA probes were transcribed in the presence of digoxigenin-11-UTP under conditions recommended by and with reagents from Boehringer-Mannheim (Indianapolis, IN). Paraffin-embedded tissue sections (5 m) were rehydrated to PBS and treated with proteinase K, then rinsed in 0.1 M triethanolamine buffer, acetylated in 0.25% acetic anhydride, and air dried. Sections were then incubated at 42 Њ C with digoxigenin-labeled cRNA probes (18 h in a humidified chamber). Unhybridized probe was removed by digestion with RNase A and sections were washed under stringent conditions before treatment with alkaline phosphatase-conjugated antidigoxigenin antibody and 10% normal sheep serum. 5-bromo-4-chloro-3-indoyl phosphate and nitroblue tetrazolium were used as chromogens. After development for 24 h in the dark, the color reaction was stopped with Milli-Q water and slides were counterstained with nuclear fast red. Sections were examined under a BX60 light microscope with a PM-30 automatic photomicrographic system from Olympus America, Inc. (Melville, NY).
Immunohistochemistry. Serial sections of aortic tissue (5 m) were deparaffinized and rehydrated to PBS. Slides were quenched with 0.3% hydrogen peroxide, treated with 0.1% trypsin (5 min at 37 Њ C), then blocked with dilute horse serum (goat serum was used for sections to be stained for HME). Sections were incubated for 30 h at 4 Њ C in a humidified chamber with the following antibodies: mouse anti-human MMP-2 (Ab-3; Calbiochem, La Jolla, CA), mouse antihuman MMP-7 (Ab-1; Calbiochem), mouse anti-human MMP-9 (Ab-3; Calbiochem), mouse anti-human CD68/KP1 for tissue macrophages (Dako Corp., Carpinteria, CA), and affinity-purified rabbit anti-HME (1:350). After incubating with biotin-conjugated horse anti-mouse IgG for 30 min at room temperature (sections treated with anti-HME were incubated with biotin-conjugated goat anti-rabbit IgG), peroxidase-conjugated avidin-biotin complex solution was applied to all sections for 30 min according to the manufacturer's instructions (Vectastain Elite kit; Vector Laboratories, Burlingame, CA). Control sections were incubated without primary antibody and then processed under identical conditions. Immune complexes were detected with diaminobenzidine (DAB) before counterstaining with hematoxylin.
For double-label immunohistochemistry, tissue sections were incubated with mouse anti-CD68, as described above, but the secondary antibody was replaced by peroxidase-conjugated horse antimouse IgG. Sections were developed with DAB substrate and then incubated with dilute goat serum for 20 min at room temperature. Rabbit anti-HME was applied overnight at 4 Њ C, followed by incubation with biotin-conjugated goat anti-rabbit IgG for 30 min at room temperature. Sections were incubated with alkaline phosphataseconjugated avidin-biotin complex (30 min at room temperature), and immune complexes were detected with an alkaline phosphatase substrate (Vector Laboratories). Slides were counterstained with hematoxylin.
Immunohistochemical staining was also used to determine if the anti-HME antibodies exhibited any degree of cross-reactivity with intact or damaged elastic fibers in aortic tissue. Deparaffinized sections of normal aorta were rehydrated and incubated with elastase buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl 2 , and 0.02% Brij-35) containing either 0, 10, or 100 U/ml type I porcine pancreatic elastase (PPE; Sigma). Slides were incubated at 37 Њ C for 1 h in a humidified chamber, then washed in elastase buffer and processed for immunohistochemistry with anti-HME antibodies as described above.
Elastin binding assay. Recombinant HME and murine macrophage elastase (MME) were expressed in E . coli and purified as the 22-kD active forms, as described (51) . Human MMP-7 was expressed in baculovirus, purified, and activated as previously described (52) . Because human MMP-2 and MMP-9 bind elastin through fibronectin type II-like repeats common to these two enzymes (52), MMP-9 was used as a representative gelatinase for these experiments. It was obtained from HT-1080 cells cotransfected with 92-kD gelatinase cDNA and E1A to suppress endogenous MMP production, purified free of TIMP by gelatin-agarose chromatography and activated, as described (53) . Human neutrophil elastase (HNE) and recombinant human TIMP-1 were purchased from Calbiochem, and PPE was obtained from Sigma. Each enzyme was independently dissolved in 100 l of binding buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl 2 , and 0.02% Brij-35) at a concentration of 7 ϫ 10 Ϫ 7 M, then mixed with a molar excess of insoluble bovine elastin (ES60; Elastin Products Co.) or binding buffer alone. An equimolar concentration of TIMP-1 was added to the enzyme mixture in a subset of experiments. Enzyme mixtures were agitated for 10 min at 4 Њ C and the insoluble elastin was precipitated by brief centrifugation. The residual elastolytic activity in the supernatant was measured by incubation with a fluorochrome-labeled elastase substrate, as described previously (54) . Elastin binding was calculated as the fraction of elastolytic activity lost upon incubation with insoluble elastin compared with incubation with binding buffer alone. Results were expressed as the mean Ϯ SEM of six different experiments and compared using ANOVA and the Newman-Student-Keul's multiple comparisons test (48) .
Results

Expression of HME mRNA in AAA tissues
Using total RNA extracted from 18 aortic tissue specimens, RT-PCR was coupled with Southern analysis to detect the presence of HME-specific mRNA. As illustrated in Fig. 1 , the 261-bp amplification product expected for HME was identified in all AAA and AOD tissues examined (six of six each). In contrast, HME mRNA was detectable in only one of six normal aortic tissues, perhaps due to an unrecognized area of atherosclerosis in this single specimen.
HME recovered from aortic tissue extracts is enzymatically active in vitro
Total protein extracts were prepared from 15 aortic tissue specimens for immunoblot analysis. Samples were processed Figure 1 . Expression of HME mRNA in AAA. Total RNA extracted from abdominal aortic tissue was subjected to RT-PCR using primers specific for HME (bp 663-1035) and amplification products were detected by Southern hybridization with an end-labeled oligonucleotide probe corresponding to HME bp 774-794. For each of 18 samples, lanes 1 and 2 represent duplicate reactions for HME and lane 3 represents a negative control (absence of reverse transcriptase). A 261-bp RT-PCR product corresponding to HME mRNA was reproducibly detected in all AAA and AOD samples (six of six each), but in only one of six normal aortas.
in the presence of proteinase inhibitors to prevent autocatalytic processing during extraction, and immunoblots were performed under nondenaturing conditions to permit comparison with substrate gel zymograms. Using samples normalized for total protein concentration, three immunoreactive bands were detected with affinity-purified rabbit anti-HME antibodies in seven of seven AAA specimens (Fig. 2 A ) . The molecular masses of these proteins correspond to those expected for the latent proenzyme (54 kD), the intermediate product of HME produced by carboxy-terminal processing (45 kD), and the 22-kD active form of HME obtained after complete extracellular processing (39) ; in addition, the 22-kD band comigrated with an activated form of recombinant HME. The 22-kD form of HME was also observed in three of three extracts of AOD and it was present in two of three normal aortas; however, pro-HME was not identified in either AOD or normal aorta. Overall, the total relative amount of immunoreactive HME recovered from AAA and AOD tissues was about six-to sevenfold greater than normal aorta by densitometric analysis, but there was no significant difference between AAA and AOD tissues (mean density units: AAA, 631.80 Ϯ 69.34; AOD, 538.43 Ϯ 32.73; and normal aorta, 91.02 Ϯ 42.77) (Fig. 2 B ) .
Aortic tissue extracts were examined by ␣ -casein substrate gel zymography to determine if the HME detected in AAA tissue was capable of enzymatic activity in vitro. Extracts prepared in the presence of EDTA were used for substrate zymography, because extraction in the absence of metal chelators led to degradation and loss of enzymatic activity (data not shown). AAA extracts contained prominent caseinolytic activities migrating at 54 and 22 kD, corresponding to the proenzyme and fully activated forms of HME (Fig. 2 C ) . Although the 45-kD intermediate form of HME observed by immunoblotting did not appear to be enzymatically active under the conditions used here, this may have been due to further autoprocessing during sample preparation. It is also possible that the 45-kD immunoreactive band represented a nondissociable complex between TIMP-1 (25 kD) and the 22-kD activated form of HME, but this was not specifically examined. Whereas AOD extracts also contained the 22-kD caseinolytic activity attributable to the active form of HME, no casein-degrading activities were detected in extracts of normal aorta.
Production of HME is localized to tissue macrophages in AAA tissue
In situ hybridization was used to examine the expression and cellular localization of HME in aortic tissues. Fig. 3 demonstrates that HME mRNA was actively expressed in AAA tissue and that it was localized to macrophage-like cells within the degenerative media. Although HME mRNA was also expressed by intimal plaque macrophages in AOD (data not shown), expression of this enzyme was undetectable within the elastic media in either AOD or in normal aorta (data not shown). The localization of HME to aneurysm-infiltrating macrophages was further confirmed by immunohistochemistry, in which sections were simultaneously stained with antibodies recognizing either HME or CD68. As shown in Fig. 4 , HME was frequently detected in association with CD68-positive macrophages and it often localized to adjacent elastin fiber fragments within the degenerative media. Therefore, the cellular expression of HME in aneurysm tissue is superficially similar to that observed previously for 92-kD gelatinase (32) .
The histopathology of AAA exhibits regional heterogeneity with three distinct regions To examine the regional heterogeneity of MMP expression in AAA in more detail, histochemical staining for elastin was coupled with immunohistochemistry for macrophages and each of four MMPs that might participate in aortic elastin deg- Figure 2 . Immunoreactive and enzymatically active HME protein is present in AAA. (A) Nondenatured extracts of abdominal aortic tissue were resolved by SDS-PAGE (20 g total protein per lane) and transferred to nitrocellulose. Membranes were incubated with affinity-purified rabbit anti-HME antibodies and immunoreactive proteins were detected by ECL. Proteins corresponding to proHME (54 kD), a 45-kD intermediate product of HME processing, and the 22-kD final active form of HME are indicated. The activated form of recombinant HME is shown on the far right. (B) The relative amount of immunoreactive HME protein recovered from each type of aortic tissue was measured by densitometry (meanϮSEM; *P Ͻ 0.05 vs. normal aorta). (C) Aortic tissue extracts were subjected to casein substrate gel zymography and enzymatically active proteins were identified by clear bands against a dark background of intact substrate. Caseinolytic bands corresponding to 54-kD proHME and the 22-kD active form of HME are indicated, and the activated form of recombinant HME is shown on the far right. NA, normal aorta.
radation. As shown in Fig. 5 , specimens of normal aorta demonstrated minimal intimal thickening and an elastic media composed of mature undamaged lamellae, in which layers of elastin fibers alternated with layers of spindle-shaped vascular smooth muscle cells. No inflammatory infiltrates were seen in the media and none of the four elastolytic MMPs were detected by immunohistochemistry. Although CD68-positive mononuclear phagocytes were present in some sections of normal aorta, they were restricted to the adventitia or to small areas of minor intimal thickening.
Specimens of AOD demonstrated calcific intimal atherosclerosis and grade III-IV lipid-laden plaques with periodic fracturing. Fig. 5 shows that the lamellar structure of the elastic media was well preserved in the majority of AOD specimens and that inflammatory cell infiltrates were confined to the intima. As expected, a significant number of differentiated tissue macrophages was seen within the thickened intima of AOD, some of which were positive for MMP-2 and MMP-9 (data not shown). As previously reported (45) , focal areas in the shoulder regions of the plaque were positive for both HME and MMP-7 (data not shown). Nonetheless, the medial layer demonstrated no significant inflammatory infiltrates or any cells immunoreactive for elastolytic MMPs.
In accord with previous investigations, AAA specimens exhibited severe intimal atherosclerosis and an amorphous media containing few intact elastic lamellae. These areas of the media were generally hypocellular, with abnormally shaped smooth muscle cells, fibroblasts, and occasional macrophages, although other areas of the media exhibited concentrated infiltrates of mononuclear inflammatory cells. All four elastolytic MMPs were identified at some point within the degenerative media of AAA (matrilysin was only rarely detected) and yet, despite the frequent presence of MMP-2, MMP-9, and HME, the distribution of these enzymes within the aneurysmal media was not uniform. Thus, three distinct regions of the aneurysm Figure 3 . In situ expression of HME mRNA in AAA. Digoxigeninlabeled cRNA probes were transcribed from an HME plasmid construct and hybridized with formalin-fixed serial sections of AAA tissue. After treatment with RNase A and stringent washing conditions, sections were incubated with alkaline phosphatase-conjugated antidigoxigenin antibodies. 5-Bromo-4-chloro-3-indoyl phosphate and nitroblue tetrazolium were used as chromogens to yield a dark blue reaction product, and sections were counterstained with nuclear fast red. (A) Hybridization with sense cRNA for HME (negative control). (B) Serial section of tissue shown in A, hybridized with antisense cRNA for HME. Scale bar, 40 m. Figure 4 . Colocalization of HME and tissue macrophages in aneurysmal aorta. (A) Formalin-fixed sections of AAA tissue were incubated with mouse anti-human CD68 (recognizing macrophages), followed by peroxidase-conjugated secondary antibodies and DAB to yield a brown reaction product. HME was then detected in the same sections using rabbit anti-HME antibodies, followed by biotin-conjugated secondary antibodies, an avidin-biotin-alkaline phosphatase conjugate, and an alkaline phosphatase substrate which forms a red precipitate. CD68-expressing macrophages staining brown (arrow) are colocalized with HME (red). The arrowheads indicate the localization of HME to residual medial elastic fibers in close spatial relationship to HME-expressing macrophages. (B) Section of tissue shown in A to which no primary antibodies were applied before processing for immunohistochemical staining (negative control).
wall were characterized based on cellular, histochemical, and immunohistochemical appearance, in order to provide a better framework for examining the heterogeneous localization of elastolytic MMPs in AAA. The features of these three regions are summarized in Table I .
Amorphous media (Fig. 6 ). The majority of the aneurysm wall was characterized by relatively nondescript amorphous tissue, with a sparse population of cells surrounded by an abundance of fibrocollagenous extracellular matrix. The absence of elastic lamellae or even elastic fiber fragments was particularly striking. Because these regions were predominantly subintimal and because the internal elastic lamina was typically absent in AAA, it was often difficult to discern a clear transition from the atherosclerotic intima to the amorphous media. Like the base of many atherosclerotic plaques, however, neovascularization and scattered mononuclear phagocytes were prominent in this area of the aneurysm wall. By immunohistochemical staining of serial sections, the amorphous media contained cells positive for MMP-2, MMP-9, and HME, somewhat similar to that seen in atherosclerotic plaque, but Figure 5 . Histopathology and immunohistochemistry of normal and diseased aortic tissues. Formalin-fixed serial sections of normal, atherosclerotic, and aneurysmal abdominal aorta were stained with Verhoeff-Von Gieson elastin (VVG, top), as well as immunohistochemical techniques for HME (middle) and macrophages (CD68, bottom). Immune complexes were detected with DAB as a brown reaction product. VVG staining discloses the destruction of the medial elastic lamellae in aneurysmal aorta and their preservation in atherosclerotic aorta. Although only intimal macrophages are seen in atherosclerotic tissue (arrows), aneurysmal tissue also exhibits the localization of HME to residual elastic fibers and a significant number of macrophages (arrows) within the degenerative elastic media. Scale bar, 80 m. Active media (Fig. 7) . At irregular points within the amorphous media there were areas displaying an increase in spindle-shaped cells and scattered, birefringent, elastic fiber remnants. Because these regions may be sites of ongoing elastin degradation, they were defined as the active media. On immunohistochemical grounds, these areas were distinguished from the amorphous media by the presence of many CD68-positive cells which were also positive for HME. The lack of MMP-9 or MMP-2 positive cells in the active media was also a remarkable feature of these areas. Most striking, however, was that in the active media the anti-HME antibody uniformly and specifically recognized residual elastic fiber fragments. On serial sections, these same elastin fragments were spatially associated with CD68-positive cells, and double immunohistochemical staining confirmed the cellular localization of HME to macrophages (Fig. 4) . (Fig. 8) . A third area characteristic of AAA tissues consisted of areas with tightly packed mononuclear cells, primarily tissue macrophages and lymphocytes. These inflammatory infiltrates occurred sporadically at all levels within the aortic wall, but they were more frequent on the adventitial side of the media. Fig. 8 shows the results of immunohistochemical stains applied to serial sections through a representative area of chronic inflammatory media in an aortic aneurysm. The only proteinase substantially and consistently identified in this area was MMP-9. On serial sections, a similar subset of cells was identified as infiltrating tissue macrophages by CD68 expression.
Chronic inflammatory media
The proximal transition zone of AAA exhibits morphological features of the active media
Several specimens of AAA tissue were obtained from the longitudinal transition zone between the grossly normal proximal infrarenal aorta and the aneurysm itself. Although these areas exhibited relatively intact elastic lamellae within the media Figure 6 . Immunohistochemical localization of MMPs in AAA: amorphous media. Five consecutive serial sections of AAA tissue were stained by immunohistochemical techniques using antibodies specific for HME, CD68, MMP-2, MMP-7, and MMP-9. Immune complexes were detected by immunoperoxidase as a brown reaction product and sections were counterstained with hematoxylin. The amorphous degenerative media contains scattered CD68-positive macrophages, which sporadically express all of the elastolytic MMPs examined (arrows). Scale bar, 30 m. . This active area of the degenerative media was notable for the presence of residual elastic fiber fragments and CD68-positive macrophages. HME was the predominant enzyme produced in these areas, where it was localized to macrophages (solid arrows) in close apposition to fragmented elastin. HME was also prominently localized to residual elastin fiber fragments themselves (open arrows). Scale bar, 30 m.
and only minimal inflammatory infiltrates, immunohistochemistry revealed an abundance of HME (Fig. 9) . Like the active media described above, HME was prominently localized to elastic fibers in these areas. Indeed, staining for HME provided a particularly clear distinction of the transition zone between normal aorta and the diseased aneurysmal segment.
HME antibody does not cross-react with elastic fiber components or with damaged elastin
Because the immunolocalization of HME to elastic fibers was a particularly important observation, it was necessary to confirm the in vitro specificity of the antibodies used in this study. Therefore, additional immunoblot assays were performed with several different types of elastin, two biologically active elastin-derived peptides, and type IV collagen, as well as recombinant HME protein. Affinity-purified antibodies raised to the amino-terminal HME peptide did not recognize any of these other proteins, although they bound with high affinity to authentic HME as expected (data not shown). To further examine the specificity of these antibodies in whole tissue, sections of normal aorta were incubated with pancreatic elastase before immunohistochemical staining for HME. Despite significant damage to the medial elastin as identified by light microscopy, there was no apparent binding of anti-HME to the residual elastic fiber fragments (data not shown).
Insoluble elastin binds macrophage elastase with high affinity
To test the possibility that HME might bind to elastic fibers with a higher degree of affinity than other elastolytic proteinases present in AAA tissues, recombinant forms of HME and MME were compared with the purified active forms of several other elastolytic enzymes using an in vitro binding assay. The elastolytic activities of MMP-12, MMP-9, HNE, and PPE were all sequestered with high affinity by insoluble elastin. Importantly, HME and MME exhibited the highest fractional binding of the enzymes examined under these assay conditions, with nearly all of their enzymatic activity bound by elastin (94.0Ϯ6.0 and 96.1Ϯ2.9%, respectively). This compared with only 53.7Ϯ13.6% for MMP-9 and 20.1Ϯ16.6% for MMP-7 (each P Ͻ 0.05 vs. HME). Although the overall amount of elastase activity was substantially higher for HNE and PPE compared with the other enzymes tested (data not shown), the fractional binding of these serine proteases was also significantly less than that of either HME or MME (HNE, 71.4Ϯ7.3%; PPE, 57.1Ϯ4.4%; each P Ͻ 0.05 vs. HME). In further experiments to determine if TIMPs might prevent MMP-12 from binding to insoluble elastin, the addition of TIMP-1 had only a minor effect on the elastin binding ability of MME (a decrease in fractional binding from 96.1Ϯ2.9 to 81.2Ϯ10.5%; P Ͼ 0.05). These in vitro data thereby correspond to the observations in AAA tissue, where HME appears to be capable of sustained binding to elastic fiber fragments. They also help explain why this enzyme is detectable in association with elastin fibers in AAA, whereas other elastases produced in the same tissue environment do not exhibit this immunohistochemical pattern.
Discussion HME is a recently described homologue of MME, a 22-kD metalloproteinase first isolated from murine peritoneal macrophage conditioned medium (39, 50, 55) . Although not normally expressed in adult human tissues, HME has been identified by immunohistochemistry and in situ hybridization in tissues undergoing active remodeling, such as the term placenta (50) . Peripheral blood monocytes do not possess HME protein or mRNA, yet macrophage elastase accounts for at least half the elastolytic activity secreted by human alveolar macrophages obtained from cigarette smokers (39) . This indicates that macrophage expression of HME may have an important role in pulmonary emphysema and other degenerative disorders associated with elastin degradation. In testing this hypothesis in genetically altered mice, Shipley and colleagues found that MMP-12 is essential for macrophage-mediated proteolysis and matrix invasion in vitro (56) . Furthermore, mice with targeted deletions of MME exhibit a marked reduction in pulmonary elastin degradation and emphysema induced by in vivo exposure to cigarette smoke (57). MMP-12 is also expressed in animal models of atherosclerosis, where it is localized to foamy macrophages in aortic lesions of both cholesterol-fed rabbits (46) and apo E-deficient mice (47) . Importantly, transgenic mice with homozygous deficiencies in both apo E and urokinase-type plasminogen activator (u-PA) exhibit a reduction in hypercholesterolemia-induced microaneurysm formation, an effect apparently due to diminished activation of proMME in the absence of u-PA (47) .
Extensive remodeling of the extracellular matrix plays a critical role in the development, progression, and rupture of AAA, and it has long been suspected that aneurysmal degeneration is mediated by one or more proteinases specifically capable of degrading insoluble elastin. Macrophage elastase is one of four mammalian MMPs with the capacity to degrade elastin in vitro, and we have demonstrated here for the first time that human AAA tissues actively express HME in vivo. As might have been expected, HME expression was localized to aneurysm-infiltrating macrophages within the degenerative media of AAA and, like previous studies, neither MMP-2, MMP-9, nor HME was observed within the elastic media of either normal aorta or AOD tissues. These findings support the view that localized expression of elastolytic MMPs at the site of aortic tissue damage plays an important role in the pathobiology of aortic aneurysm disease and they place new emphasis on the participation of HME in this process.
Earlier studies from our laboratory have demonstrated that MMP-9 and MMP-2 are the most prominent elastase activities secreted by human AAA tissues in short-term organ culture (32) . Although elastolytic activity corresponding to HME was not detected in aortic tissue conditioned medium, these experiments demonstrate that substantially greater amounts of HME are present in AAA tissue than normal aorta. We have also shown that HME binds with high affinity to elastin fibers, both in vitro and in vivo. Therefore, it appears likely that immunoreactive and enzymatically active forms of HME are readily sequestered within elastin-rich tissues, perhaps to a greater extent than other MMPs. More vigorous extraction of aortic tissue proteins may account for the improved recovery of HME in this study as compared with previous investigations using aortic conditioned media alone.
The most intriguing observation revealed by this study was the prominent and specific immunolocalization of HME to elastic fiber fragments within selected regions of the degenerative aortic media. Because this suggested that HME is found in association with a matrix substrate potentially relevant in the pathogenesis of AAA, the specificity of the antibody for HME was confirmed by a series of control experiments to exclude inadvertent cross-reactivity with either elastin fiber components or damaged elastic fibers. Using immunohistochemical techniques identical to those used to detect HME in AAA, for example, no reactivity of the antibody with intact elastin fibers was observed in normal aorta, occlusive atherosclerosis, or the proximal aspect of the transition zone in AAA. Furthermore, neither intact soluble elastin nor multiple elastin-derived peptides bound the antibody in in vitro binding assays. Finally, elastase-induced injury of normal aortic tissue sections did not induce antibody binding to the residual damaged elastin. Taken together, these results support the conclusion that the unique pattern of immunoreactivity represents the specific and authentic localization of HME to residual elastic fibers in selected regions of AAA tissue. This novel finding has important implications for the unique role that HME might play in the pathogenesis of aneurysm disease.
We postulated that the localization of HME to residual elastic fibers in AAA might reflect a particularly high binding affinity of HME for elastin, especially relative to other elastolytic enzymes present in human AAA tissues. Although the structures conferring elastolytic activity upon 92-and 72-kD gelatinase are known to reside within three fibronectin type II-like repeats inserted in tandem with their catalytic domains, these domains are not present in matrilysin or the fully processed (22-kD) forms of macrophage elastase (52) . Indeed, processed forms of HME and MME found in tissue generally possess only the zinc-binding catalytic domain characteristic of the MMP family, which must thereby confer both substrate binding and elastolytic specificity. Furthermore, recent studies indicate that macrophage elastases exhibit important differences compared with MMP-9 and serine elastases with respect to peptide bond preferences during the degradation of insoluble elastin (58) . Using in vitro binding assays with HME and MME, we found that nearly all of the active MMP-12 is rapidly sequestered upon incubation with an excess of insoluble elastin, and that this was not significantly diminished in the pres- Figure 9 . Immunolocalization of HME in the proximal transition zone of AAA. Schematic diagram depicting the location of proximal transition zone specimens obtained from patients with AAA (top). Tissue sections taken from the uninvolved proximal aorta and the adjacent transition zone were stained with VVG (middle) and by immunohistochemical techniques for HME antibodies (bottom). HMEspecific immune complexes were detected by immunoperoxidase to reveal a brown reaction product. HME is not observed in the undilated proximal aorta but is readily apparent in the transition zone. The localization of HME to elastic fibers in the proximal-most aspect of the aneurysm is similar to that seen in the active media of the aneurysmal aorta (Fig. 7) , but it appears even more prominent due to the greater amount of elastin present. Scale bar, 40 m.
ence of TIMP-1. In addition, the fractional binding of HME was two-to fivefold greater than that measured with either MMP-9 or MMP-7, respectively, and it even exceeded that obtained with the potent serine proteases, neutrophil and pancreatic elastase. Based on these findings, we speculate that the high binding affinity of HME may explain its potent elastolytic activity and its unique localization to elastic fibers in vivo. The avidity of HME for elastic fibers may also result in more sustained elastolytic activity compared with that produced by other elastases, although it is notable that binding to insoluble elastin may also promote the activation of other proMMPs (59) . These findings imply that in the complex milieu of proteinases and proteinase inhibitors that characterizes human aneurysm tissues, greater tissue damage might result from local production of HME than other elastolytic enzymes. As the assays reported here were limited to a specific set of experimental conditions, further studies will be required to examine the kinetics involved in HME-elastin binding and to elucidate the structural elements responsible for this interaction.
Consistent with earlier findings, we detected MMP-2 and MMP-9 within the media of AAA by immunohistochemistry, although neither of these proteinases was found in the elastic media of AOD tissues or normal aorta. In contrast to previous studies, however, we also obtained more detailed localization of these enzymes within different regions of the aneurysm wall. The distribution of these MMPs may offer additional clues to the relative importance of these enzymes in the process of medial remodeling. Furthermore, we predict that the morphological patterns of MMP expression in different areas of the aneurysm wall might also reflect regional heterogeneity in the cell-specific regulation of various MMP genes (50) .
In describing several different regions within AAA tissue, we defined one particular morphological pattern as the active media. These areas, containing fragmented elastin fibers, appeared to represent locations where elastic lamellae were subjected to aggressive degradation. The prominent expression and immunolocalization of HME in these areas suggests a key role in this aspect of medial degeneration. In support of this view, several unusually valuable aortic wall specimens were also obtained during the course of this study, encompassing the longitudinal transition zone between the normal caliber aorta and the proximal aspect of aneurysmal dilatation. Although such specimens are difficult to obtain during the routine conduct of surgical operations for AAA, they are particularly informative in that they represent areas where the process of aneurysmal degeneration might be observed in its earliest stages. Indeed, a gradient of histopathologic changes was observed along the axial length of these transition zone specimens, extending from normal aortic structure to the typical appearance of end-stage AAA. The interface of the normal and dilated aorta showed evidence of early elastin fragmentation with HME prominently localized to nearly all of the medial elastic fibers. The localization of HME indicates that it is not only present in these areas, but that it remains bound to the elastin substrate in regions where ongoing elastin degradation is expected to be the most active. Therefore, these findings lend additional support to the view that HME plays a unique role in the evolution and progression of aneurysmal degeneration.
The elevated local production of HME in AAA tissues and its distinct localization to residual elastic fiber fragments provide the strongest evidence to date that MMPs participate in aortic elastin degradation. Furthermore, these findings implicate a more central role for HME than other elastolytic MMPs in aneurysm disease. At a functional level, questions that remain to be addressed include the degree to which HME is enzymatically active in situ, how it might interact with naturally occurring proteinase inhibitors within the aneurysmal aortic wall, and whether HME is necessary and/or sufficient for the development of AAA in vivo. Studies in animal models of AAA will be particularly helpful in examining these issues. Although it remains likely that MMP-2, MMP-9, and other proteinases also participate in the development and progression of AAA, their relative contributions will need to be reassessed in light of the elevated production and novel tissue distribution of HME in aneurysm tissue.
